Simulation of the Performance of the IISc Chemical Kinetics Shock Tube by Mee, D. J. et al.
Simulation of the performance
of the IISc Chemical Kinetics
Shock Tube
David J. Mee1, Peter A. Jacobs1, K. P. J. Reddy2, B. Rajakumar3 and E.
Arunan3
1Division of Mechanical Engineering, The University of Queensland, Brisbane. 4072. Australia.
2Department of Aerospace Engineering, Indian Institute of Science, Bangalore. 560012. India.
3Department of Inorganic and Physical Chemistry, Indian Institute of Science, Bangalore. 560012.
India.
Joint Report:
Division of Mechanical Engineering, The University of
Queensland, Research Report 02/2004
and
Department of Aerospace Engineering, Indian Institute of
Science, Research Report No: 2002 HTCKL2.
February 2004
2Abstract
This report presents the results of an investigation of the performance of the Chemical Kinetics
Shock tube at the Indian Institute of Science.  The one-dimensional Lagrangian code L1d of Jacobs
(1998) has been used to simulate the tube at several operating conditions.  The conditions have
different shock tube filling pressures, resulting in different shock speeds and different tube lengths,
resulting in different dwell times.  The simulations have been performed both with and without
viscous effects simulated in the tubes.  At the lowest shock tube filling pressure condition, the shock
tube operates in an overtailored mode and it is undertailored at the higher filling pressure
conditions.  The results show that viscous effects, which lead to attenuation of the primary shock
and heat loss from the test gas to the tube walls, result in an increasing p5 pressure during the test
time. The viscous effects are more dominant at the condition with the lowest filling pressure
(highest primary shock speed).  A simulation run for 50 ms after diaphragm rupture for the
configuration with a long driver tube shows that the test gas is periodically re-compressed by
reflections of waves along the driver and shock tubes.  The recompressions become sequentially
weaker and thus the test gas temperature and pressure are never raised to as high levels as for the
primary compression.
31.  Introduction
Shock tubes have been used for studying chemical kinetics for more than 40 years (e.g. Hertzberg
and Glick, 1961).  The basic operation of a shock tube for such studies is straight forward but
viscous effects in the operation of shock tubes for certain conditions can adversely affect the
kinetics experiments (Strehlow and Cohen, 1959; Skinner, 1959; Petersen and Hanson, 2001).
The Chemical Kinetics Shock Tube at the Indian Institute of Science (IISc) is used to study
chemical kinetics at high temperatures.  For these studies it is important that the shock-heated test
gas reaches its maximum temperature during the test period and that the conditions remain steady
during the test period.  Initial experiments indicated that such conditions could not be attained for
relatively high shock speeds, even before the effects of the interaction of the reflected shock with
the contact surface (tailoring of the interface between the test gas and driver gas, Wittliff et al.,
1959).  However, by increasing the filling pressure in the shock tube, and thus slowing the speed of
the shock in the shock tube, a steady reflected shock pressure could be achieved.  A longer driver
tube was found to increase the duration of the primary compression of the test gas.
The aim of the present investigation was to clarify the mechanisms occurring in the shock tube that
occur at the different operating conditions.
In this report, the standard shock tube state designations (e.g. Nishida, 2001) are used:
• state 1 is the condition to which the shock tube is filled,
• state 2 is the condition in the test gas behind the primary shock,
• state 3 is the condition in the driver gas after it has expanded into the
shock tube,
• state 4 is the condition to which the driver is filled, and
• state 5 is the condition in the test gas behind the reflected shock.
2.  The Shock Tube
The IISc Chemical Kinetics Shock Tube is made from tubes of 50.8 mm internal diameter.  The
configuration of the tube, as it was prior to June 2000, is shown in Fig. 1(a).  This is referred to as
the ‘Short Driver’ configuration.  In this configuration, the driver is 1.276 m long and it is separated
from the 2.581 m shock tube by a 1.0 mm scored aluminium diaphragm.  The shock speed is
measured using two flush-mounted, thin-film, heat-transfer gauges (HT1 and HT2), manufactured
in-house.  The outputs from the two sensors trigger a HP Model 5314A counter to start and stop
counting.  A flush-mounted Kistler Model 601A pressure transducer (PT) is located 50.8 mm from
the end of the shock tube to measure the reflected shock pressure.  The signal from this transducer
was recorded on a Tektronix Model TDS210 digital storage oscilloscope.  The facility is operated
by filling the shock tube with the test gas to the desired pressure and then increasing the pressure in
the driver section until the diaphragm ruptures.
A longer driver for the shock tube was installed in June 2000.  The new dimensions of the tunnel
are shown in Fig. 1(b).  This is referred to as the ‘Long Driver’ configuration and the length of the
driver section is 1848 mm.  The shock tube is also longer at 2785 mm and the distance between the
shock timing station (HT2) and the pressure measurement station (PT) is increased.  The internal
diameters of the tubes are unchanged at 50.8 mm.
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Figure 1.  Dimensions and layout of the IISc Chemical Kinetics Shock Tube. (All dimensions in
mm.)
3. The Lagrangian Simulation Code, L1d
The code L1d, by Jacobs (1998), was used for the simulations. This is a quasi-one-dimensional
Lagrangian code developed to simulate the processes occurring within transient-flow facilities such
as shock tubes and shock tunnels.  It can simulate facilities comprising multiple slugs of gas,
diaphragms and pistons.  Viscous effects can be included using standard engineering correlations
for friction and heat transfer in pipe flow.  These correlations are derived from steady,
incompressible flow, but have been found to perform adequately in shock-tube and shock-tunnel
simulations (Jacobs, 1998).
An important aspect of the code that impacts the present study is that there is no separation of core
flow and boundary-layer flow.  Viscous effects that would influence primarily the near-wall region
in the real machine are felt right across the core flow in the present simulations.
4. Test Conditions
Three operating conditions were considered for the simulations – two with the ‘Short Driver’
configuration of Fig. 1(a) and one for the ‘Long Driver’ configuration of Fig. 1(b).  The conditions
were chosen to simulate the operation of the shock tube for the tests designated EXP7 (performed
on 29 December 1999), EXP36 (performed on 3 May 2000) and EXP34 (performed on 5 February
2002).  EXP7 had a relatively low filling pressure for the shock tube compared with that for EXP36.
EXP34 had similar filling conditions to EXP36 so that the influence of the increased driver length
can be seen.  In all tests, the driver was filled with Helium and the shock tube was primarily filled
with Argon.  The filling conditions and the measurements made are given in Table 1.
Table 1  Conditions for the tests.
Property Units EXP7 EXP36 EXP34
Configuration: Short Driver Short Driver Long Driver
Fill conditions:
Driver gas Helium Helium Helium
p4 MPa 1.65 ±0.02 1.31 ±0.02 1.48 ±0.02
Shock Tube gas Argon Argon Argon
p1 kPa 13.3 ±0.2 74.8 ±1.0 62.7 ±1.0
Measurements:
p2 – p1 kPa 257 ±8 436 ±13
p2 kPa 271 ±8 511 ±13
p5 – p1 kPa 1406 ±20 1822 ±20
5p5 kPa 1419 ±20 1897 ±20
shock speed from HT2-HT1 timing m/s 1262 ±11 756 ±5
shock speed from PT-HT2 timing m/s 1263 ±5 751 ±3
Ambient temperature. K 297 ±2 303 ±2 298 ±2
5. Results
5.1 Test condition EXP7
The L1d code was used to simulate test EXP7 both with and without viscous effects in the tubes.
The input specification file for test EXP7 with no viscous effects is given in Appendix A.1.  The
simulation was run for a total of 7.0 ms. A wave diagram for this condition is presented in Fig. 2.
This is presented in the form of a space-time (x - t) diagram showing contours of log( )p , where p is
the static pressure.  Shown also is the contact surface separating the test gas from the driver gas.
The diaphragm is located at x-position 0.0 m, the driver extends to position –1.276 m and the shock
tube to position +2.581 m.  The primary and reflected shocks can be seen as dark lines in the plot
and the unsteady expansion, that originates with the rupture of the diaphragm and passes back
through the driver gas, can also be identified.
Figure 2.  x-t diagram for inviscid calculation for test EXP7
6It can be seen that the condition is slightly overtailored, with the contact surface not being brought
to rest by the reflected shock.  The contact surface continues towards the end of the tube and the
interaction of the reflected shock wave with the contact surface results in another shock wave being
reflected back towards the end of the tube.  Note also that the reflection of the unsteady expansion
fan from the closed end of the driver does not reach the compressed test gas until approximately 3.9
ms after diaphragm rupture.  It would be expected that the overtailoring of the condition would
result in an increase in the pressure of the test gas due to the shock reflected from the contact
surface.  This can be seen more clearly by plotting the time history of the pressure at the location of
the pressure transducer, PT.  This is shown in Fig. 3.  The primary shock reaches measurement
station PT at time 1.95 ms and the reflected shock at time 2.05 ms.  After arrival of the reflected
shock, the pressure remains at the theoretical p5 level until time 2.65 ms when the overtailoring
leads to an increase in the pressure at location PT.  The pressure then remains approximately steady
until the arrival of the expansion from the driver gas at time 3.9 ms.
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Figure 3. Static pressure at location PT for inviscid flow calculation for test EXP7.
The static temperature calculated in the simulation at the location of the pressure transducer PT is
shown in Fig. 4.  It can be seen that the overtailoring also leads to a jump in the static temperature.
The shock speeds and p2 and p5 levels are compared with the measured values in Table 2.  The
calculated shock speed is approximately 3% higher than that measured, the p2 level is in good
agreement with the measurement and the p5 level is approximately 5% lower than the measured
value.
Table 2  Comparison of measured results with L1d computations.
Property Units EXP7
Measured
EXP7
L1d inviscid
EXP7
L1d viscous
p2 kPa 271 ±8 272 237-241
p5 kPa 1419 ±20 1354 1200-1580
shock speed from HT2-HT1 timing m/s 1262 ±11 1305 1236
shock speed from PT-HT2 timing m/s 1263 ±5 1307 1232
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Figure 4. Static temperature at location PT for inviscid flow calculation for test EXP7.
The input specification file for the viscous L1d simulation of EXP7 is given in Appendix A.2.
Apart from the inclusion of viscous effects, the conditions and simulation period for this simulation
were identical to those for the inviscid simulation.  The wave diagram for the viscous case is shown
in Fig. 5.  Two obvious differences between this diagram and the wave diagram in Fig. 2 for the
inviscid computation are noted:
1. The speed of the primary shock wave is not constant as the wave travels
down the tube (note the small concave curvature of the shock in Fig. 5),
and
2. The conditions in the test gas slug are not constant (note that there are
more pressure contours in the test gas slug in Fig. 5 than in Fig. 2).
The viscous effects also lead to pressure gradients through the slug of test gas compressed by the
primary shock.  From a Lagrangian point of view, a cell of test gas will have a shear force opposing
its motion as it propagates down the shock tube behind the primary shock wave.  A momentum
balance for the cell will require a pressure gradient across the cell or a change in speed of the gas in
the cell.  Both occur in practice and there are axial gradients in conditions in the slug of test gas by
the time the primary shock wave reaches the end of the shock tube. This can be seen by plotting the
distribution of pressure of the test gas just before the primary shock wave reaches the end of the
tube.  Figure 6 shows the pressure distribution of the gas in the shock tube for the viscous
simulation of EXP7.  This shows the static pressure through the gas in the shock tube at time 2.0 ms
after diaphragm rupture.  At this time, most of the Argon test gas has been processed by the primary
shock wave and the shock has reached a location 2.52 m from the diaphragm.  The contact surface
8at this time is at location 1.85 m from the diaphragm. It can be seen that the static pressure of the
Argon test gas decreases with distance along the slug.  The pressures are highest in the part of the
slug of test gas that was processed by the primary shock when it was strongest.
Figure 5.  x-t diagram for viscous calculation for test EXP7
The other major viscous effect in the simulation is heat transfer from the hot, compressed, test gas
to the relatively cool walls of the tube.  In the absence of heat transfer, the temperature of the Argon
test gas would have a qualitatively similar distribution to that of the pressure of the test gas in Fig.
6.  This was confirmed by running the L1d code with no heat transfer to the walls (see below). The
Argon test gas processed first by the primary shock wave continually decreases in temperature as it
is convected down the shock tube because of heat transfer from the test gas to the tube walls,.  The
resulting distribution of temperature of the gas in the shock tube 2.0 ms after diaphragm rupture for
the viscous simulation of EXP7 is shown in Fig. 7.  The contact surface is more clearly visible (at
location 1.85 m) than in the pressure distribution of Fig. 6 and a glitch in temperature at the location
of the contact surface is apparent.  Note that the temperature of the Argon test gas is lowest at the
end of the slug closest to the diaphragm because that gas has had the longest time to lose heat to the
walls of the tube.
9When the primary shock reaches the end of the shock tube, the slug of test gas travelling behind it
has a pressure that increases and a temperature that decreases with increased distance away from the
end of the shock tube (lower values of x).  This means that the density of the slug of test gas
increases with distance from the end of the tube.  In addition, the speed of the flow in the test slug
increases with distance from the end of the tube.  These variations of properties of the slug of test
gas have important consequences for the conditions in the test gas when it is processed by the
reflected shock wave. The pressure indicated by the viscous simulation at location PT is shown in
Fig. 8.
The reflected shock wave will initially be of such a strength that it brings the test gas to rest at the
end of the tube.  However, as the reflected shock passes back through the test gas, it encounters gas
with increasing density and increasing speed, i.e. increasing momentum.  The strength of the
reflected shock wave thus increases as it passes through the oncoming test gas that has increasing
momentum. The pressure behind the reflected shock will consequently increase.  The shock wave
no longer brings the gas to rest and the gas continues travelling towards the end of the shock tube
and increases the pressure of the test gas between the reflected shock and the end of the shock tube.
This is why the pressure steadily increases between times 2.1 and 2.65 ms in Fig. 8.  Thus, the
pressure increase is a result of heat loss from the test gas to the walls of the shock tube.  This is
shown in Fig. 9 where the results from the viscous simulations with and without heat transfer to the
walls are compared.  Note that the pressure drops with time in the period after shock reflection
when heat transfer effects are not included.
In Fig. 8, the drop in pressure at time 2.65 ms is associated with the undertailoring expansion wave
reflected from the contact surface.  The pressure at location PT then increases slowly with time until
the arrival of the expansion from the driver drops the pressure from time 3.9 ms.
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Figure 6. Static pressure in the shock tube at time 2.0 ms after diaphragm rupture.  L1d viscous
simulation of EXP7.
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Figure 7. Static temperature in the shock tube at time 2.0 ms after diaphragm rupture.  L1d viscous
simulation of EXP7.
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Figure 8. Static pressure at location PT for viscous flow calculation for test EXP7.
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Figure 9. Static pressure at location PT for viscous flow calculations for test EXP7. Viscous
simulation with heat transfer (solid line). Viscous simulation with no heat transfer to walls (dashed
line).
The static temperature at the location of the pressure transducer, PT, is shown in Fig. 10. Viscous
effects lead to an increasing temperature with time in region 5.  It can be seen that the proportional
change in temperature is smaller than the proportional change in pressure during the nominal test
period.
The oscilloscope trace from the pressure transducer at the PT location for EXP7 is compared with
simulated pressure at that location in Fig. 11.  The pressure at this location immediately after shock
reflection increases in both the experimental trace and in the simulation and the undertailoring wave
reduces the pressure at approximately the same time.  The decreases in pressure in the
undertailoring wave is more gradual in the experiment than in the simulation. It should be noted that
because L1d is a one-dimensional code, the viscous effects are applied to the all the gas in any
particular cell. Thus, the simulation does not allow gas near the walls to travel at a different speed
from gas near the centre line of the tube, as would occur in the physical shock tube. It has been
found that viscous effects can be overestimated in the present implementation in the L1d code but
the physical mechanisms that lead to the pressure signal measured at location PT can be explained,
as above.
The shock speeds and p2 and p5 levels indicated in the simulations are also compared with the
measured values in Table 2.  The calculated shock speed from the two heat-transfer measurement
stations is 5% higher than that measured and the speed from the second heat transfer gauge to the
pressure transducer is 1% less than that measured.  The p2 level is approximately 11% lower than
that measured and the calculated p5 level range spans the measured value.
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Figure 10. Static temperature at location PT for viscous flow calculation for test EXP7.
(a) Oscilloscope trace from EXP7       
0
500
1000
1500
2000
2500
3000
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
Pr
es
su
re
 (k
Pa
)
TIME (ms)
          (b) Pressure trace from L1d simulation
Figure 11 Comparison of pressure traces from EXP7 and the L1d simulation at the PT location.
5.2 Test condition EXP36
L1d was also used to simulate EXP36 with and without viscous effects. The input specification file
for test EXP7 with no viscous effects is given in Appendix A.3.  The simulation was run for a total
13
of 7.0 ms.  The wave diagram for this condition is presented in Fig. 12.  For a lower pressure driver
and a higher initial filling pressure for the shock tube, the primary shock is clearly slower than for
test EXP7.  This can be seen in the longer time between diaphragm rupture and the arrival of the
primary shock at the end of the tube for test EXP36.  There is also a clear difference in the tailoring
of the condition.  The contact surface between the driver and test gases is driven back upstream
when it interacts with the reflected shock – i.e. the condition is undertailored.  This leads to
expansion waves, originating from this interaction that pass back through the test gas.  The other
major difference between this condition and the condition for test EXP7 is that the expansion from
the end of the driver section is the wave that terminates the test period.  Note that this wave reaches
the downstream end of the tube at approximately time 4.5 ms.  A longer driver section would lead
to a longer test time (see below).
Figure 12.  x-t diagram for inviscid calculation for test EXP36
The static pressure at location PT for this condition is shown in Fig. 13 and the static temperature at
this location is shown in Fig. 14.  It can be seen that the reflected shock pressure is the highest
pressure that the test gas achieves.  Correspondingly, the temperature in the reflected shock region
is the highest temperature that is reached by the test gas.  This is in contrast to the result for the
inviscid simulation for test EXP7 in which overtailoring resulted in the shock wave reflected from
14
the contact surface increased the pressure and temperature of the test gas prior to the arrival of the
reflected expansion from the end of the driver.
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Figure 13. Static pressure at location PT for inviscid flow calculation for test EXP36.
The input specification file for the viscous simulation of test EXP36 is given in Appendix A.4.  The
wave diagram for this condition is presented in Fig. 15.  The general form of the wave diagram is
similar to that for the inviscid case in Fig. 12 but the primary shock slows as it propagates down the
shock tube because of viscous shear stresses due to the tube walls.  Again, this can be identified by
the slight curvature of the primary shock trajectory and pressure contours in region 2.  As for the
inviscid simulation, the results indicate that the test time is terminated by the expansion from the
driver gas.
The static pressure and static temperature traces at location PT for this simulation are presented in
Figs. 16 and 17 respectively.  The viscous effects again leads to an increase in the pressure in the
test gas during the test time, but the effect is not as large as for EXP7.  In this simulation, the
pressure rises by approximately 13% before the expansion from the end of the driver arrives at the
pressure measurement location.  It can be seen that the rate of pressure increase of the test gas
because of the slowing of the primary shock (due to viscous effects) is smaller for the conditions of
EXP36 than for those of EXP7.
The oscilloscope trace from the pressure transducer at location PT from EXP36 is compared with
the pressure at that location calculated using L1d in Fig. 18.  The pressure at this location
immediately after the reflected shock remains steadier in the experiment than in the simulation.
This is attributed to heat transfer effects being overestimated in the L1d simulation.  The time
between shock reflection and the arrival of the expansion from the driver is similar for the
experiment and the simulation.
A comparison of the shock speeds and p2 and p5 pressures for the measurements and the inviscid
and viscous simulations are shown in Table 3.  The pressure behind the primary shock is
15
overestimated (6%) for the inviscid calculation and underestimated (4% to 5%) for the viscous
calculation.  The pressure behind the reflected shock is overestimated for the inviscid calculation
(3%) but the measurement is within the range over which the L1d value varies for the viscous
calculation.  The shock speeds are overestimated (6%) for the inviscid calculation and are similar to
those calculated for the viscous simulation, although the attenuation of the shock speed is greater
for the calculation than for the measurement.
Table 3 Comparison of measured results with L1d computations.
Property Units EXP36
Measured
EXP36
L1d inviscid
EXP36
L1d viscous
p2 kPa 511 543 490 – 494
p5 kPa 1990 2050 1800 – 2030
shock speed from HT2-HT1 timing m/s 756 800 760
shock speed from PT-HT2 timing m/s 751 790 740
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Figure 14. Static temperature at location PT for inviscid flow calculation for test EXP36.
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Figure 15.  x-t diagram for viscous calculation for test EXP36
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Figure 16. Static pressure at location PT for viscous flow calculation for test EXP36.
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Figure 17. Static temperature at location PT for viscous flow calculation for test EXP36.
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(a) Oscilloscope trace from EXP36      
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Figure 18 Comparison of pressure traces from EXP36 and the L1d simulation at the PT location.
5.2.1 Influence of a longer driver
One point to note from the wave diagram for EXP36 is that the leading expansion wave reflected
from the end of the driver is the wave that terminates the test time.  It can be seen that this reaches
the end of the shock tube at about time 4.4 ms.  This is before the undertailoring wave (which
reaches the end of the shock tube at about time 5.0 ms.  A longer driver should extend the test
period.
(a) Short driver (b) Long driver
Figure 19  Comparison of x-t diagrams for the short and long driver configurations for the same
tube filling pressures (those of EXP36).
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An L1d viscous simulation was run for the filling conditions of EXP36 but with the ‘Long Driver’
configuration of Fig. 1(b).  This allows a direct comparison of the influence the longer driver has on
the performance of the IISc Chemical Kinetics Shock Tube.  The wave diagrams for this condition
for the short and long driver configuration are shown in Fig. 19 and the pressure time histories at
location PT are compared in Fig. 20(b).  Note that both the driver and shock tube lengths are
increased for the ‘Long Driver’ configuration of Fig. 1(b) so that the primary shock arrives at
location PT later for this configuration.
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(a) Short Driver
0
200
400
600
800
1000
1200
1400
1600
1800
2000
2200
3 3.5 4 4.5 5 5.5 6
Pr
es
su
re
 (k
Pa
)
Time after diaphragm rupture (ms)
(b) Long Driver
Figure 20 Comparison of pressures at location PT for the short and long driver configurations for
the same tube filling pressures (those of EXP36).
It can be seen that whereas the test time is limited by the expansion from the driver for the ‘Short
Driver’ configuration, it is the undertailoring wave that limits the test time for the ‘Long Driver’
arrangement.  In addition, the duration of the test period (the dwell time) is extended for the ‘Long
Driver’ configuration.  The dwell time is extended from less than 1 ms to approximately 1.5 ms
with the extended tube lengths.
5.3 Test condition EXP34
One of the important issues for shock tubes for chemical kinetics studies is whether the chemical
reactions that are of interest occur only during the dwell time of the initial compression of the test
gas.  The subsequent reflections of waves along the length of the facility can lead to multiple
compressions of the test gas.  The influence of these multiple compressions for the IISc facility
were simulated for test EXP34 (see Table 1).  The L1d simulation was run for a total of 50 ms from
the time of rupture of the diaphragm. The input specification file is given in Appendix A.5.
The computed wave diagram for the simulation of EXP34 is shown in Fig. 21.  There are primarily
four compressions of the test gas during this period.  The track of the contact surface (separating
the test gas and the driver gas) can be seen as a “wavy” line going up the plot towards right end of
the shock tube.  The compressions can be seen more clearly in the time history of the pressure at the
location of the PT transducer (50.8 mm from the right end of the shock tube).  This is shown in Fig.
22 along with an oscilloscope trace from the PT pressure transducer located at the same position.
(Note that the experimental trace shown is from a repeat test of EXP34 made with a longer timebase
on the recording system on 30 January 2004.)  Both experiment and simulation show four basic
compressions of the test gas in the 40 ms after diaphragm rupture.
20
Figure 21 x-t diagram for EXP34 for 50 ms from diaphragm rupture.
Note that the mean pressure in the experiment apparently drops to around the starting pressure
between peaks but in the simulations, it is about 500 kPa. In fact, the experimental trace suggests a
negative pressure at about 7 ms after the primary shock wave reaches the gauge location.  A Kistler
601A piezoelectric pressure transducer was used to measure this pressure. The charge
amplifier/transducer combination for a piezoelectric sensor will have a time constant associated
with it.  If the time constant is short relative to the 40 ms timescale of the simulation, such a
negative pressure signal could be obtained.  This also explains the differences in the mean levels of
pressure between peaks between the experiment and the simulation.
The viscous effects (including loss of heat from the gas to the walls of the tube) are most likely
overestimated in the simulation as discussed above.  This explains why the pressure during the first
peak rises in the simulation but remains steadier in the experiment.
21
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(a) Oscilloscope trace from experiment (b) L1d trace
Figure 22  Comparison of results from an experiment at the fill conditions for EXP34 and the L1d
simulation at the PT location.
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Figure 23  Temperature at location PT for fill conditions of EXP34 (L1d simulation).
In general, the sequential re-compressions of the test gas occur earlier in the simulation than in the
experiment but the relative sizes of the pressure rises are similar.  The small pressure peak at about
8 ms obtained in the experiment is not obtained in the simulation. The timing of this wave suggests
it may be a weak reflection of the reflected shock wave (and the following tailoring wave) from the
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diaphragm station.  This could be caused by a restriction at the diaphragm station caused by the
rupture of the diaphragm.  This is not simulated in the L1d calculation.
The temperatures to which the test gas is raised by the re-compressions are of interest for the
chemical kinetics studies.  The calculated temperature at the PT location for the full 50 ms of the
L1d simulation is shown in Fig. 23.  The first compression of the test gas raises its temperature to
approximately 1600 K.  The combination of the reflected expansion from the driver and the
undertailoring wave then rapidly drop the test gas temperature to below 700 K.  The peak
temperatures in the subsequent compressions are 1350, 1280, 1170 and 1110 K respectively. A ball
valve is closed manually after the test to isolate the test gas from the driver gas.  The test gas can
then be analysed.  For chemical kinetics studies it will be important that significant reaction activity
does not take place in these subsequent compressions before the ball valve is closed.  If the strength
of these compressions is of concern, it may be possible to install a fast acting valve that could
isolate the test gas after the test time but before the time of the first recompression.
6. Conclusions
L1d simulations of the performance of the IISc Chemical Kinetics shock tube have been made for
inviscid and viscous flows at several conditions including one with a relatively high shock speed
and one with a lower shock speed.  The inviscid simulation of the high-speed shock case indicates
that the pressure and temperature of the test gas exceed the p5 and T5 levels due to overtailoring of
the condition.  The viscous simulation for this condition indicates that there is a strong increase in
pressure at the end of the tube after the reflected shock.  This is due to heat transfer from the shock
heated test gas to the walls of the tube as the gas travels down the tube behind the primary shock.
This is not a suitable condition for chemical kinetic studies.  For the lower-speed shock condition,
the condition is undertailored.  The inviscid simulation for this condition indicates that the test
period is terminated by the arrival at the end of the shock tube of the expansion reflected from the
end of the driver.  Simulations and experiment show that a longer driver increases the dwell time of
the experiment by delaying the arrival of the expansion from the driver.  The viscous simulation
indicates that there is less attenuation of the primary shock wave than for the lower-speed shock
condition and also less heat loss from the test gas.  It appears that the blending of the boundary layer
and the core flow in the simulations leads to an overestimate of the variations of pressure (and most
likely also the temperature) during the test time.  The 13% increase in test gas pressure during the
test time would suggest that this condition would not be suitable for chemical kinetics studies but
experiments (Rajakumar, 2002) indicate that the experimentally measured pressure at location PT
shows smaller variations during the test time.  Correspondingly, smaller variations in the static
temperature in region 5 would also be expected.
The longer duration L1d simulation showed the influence of recompressions of the test gas due to
reflections of shock and expansion waves along the facility.  Recompressions raised the test gas to
sequentially lower pressures and temperatures.  It is important for chemical kinetics studies that
these subsequent recompressions do not lead to significant chemical reaction activity in the test gas
before the ball valve is closed.
While L1d produces an overestimate of the attenuation of the primary shock due to viscous effects,
it is a useful tool for assessing test conditions in shock tubes to be used for studying chemical
kinetics.  It is also useful for assessing the influence of recompression of the test gas after the
primary compression.  This study also suggests that heat loss from the test gas to the tube walls is
important in the steadiness of the conditions in the test gas after shock reflection.
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Appendix A.1  Run specification file for EXP7, inviscid simulation
#L1d-2.0    Raj Kumar's shock tube OLD configuration, DJM, 27 May 2002
0                   test_case
2 0 0               nslug, npiston, ndiaphragm
7.0e-3   50000      max_time, max_steps
1.0e-7   0.50       dt_init, CFL
2 2 0.00            Xorder, Torder, thermal-damping
20.0e-6  5.0e-6    dt_plot, dt_his
3                   hnloc
1.863               hcell[0]: HT1
2.167               hcell[1]: HT2
2.530               hcell[2]: PT
tube definition follows:
100  1              n, nseg
-1.267  0.0508 1    xb[0], Diamb[0], linear[0]
 2.581  0.0508 1      [1]
0                   nKL
297.0  0            Tnominal, nT
slug 0: He driver
400 0 1 1.1         nnx, to_end_1, to_end_2, strength
1200 1 0.001 0.012  nxmax, adaptive, dxmin, dxmax
0 0                 viscous, adiabatic
V  0.0              left boundary : velocity (fixed wall)
S  1  L             right boundary: another slug
1                   hn_cell
1                   hx_cell: the left-most cell
-1.267 0.00 3 1.65e6 0.0 297.0 Initial: x1, x2, gas, p, u, T
slug 1: Argon driven gas
300 0 0 0.0         nnx, to_end_1, to_end_2, strength
900 1 0.001 0.012   nxmax, adaptive, dxmin, dxmax
0 0                 viscous, adiabatic
S  0  R             left boundary : another slug
V  0.0              right boundary: velocity (fixed wall)
1                   hn_cell
1                   hx_cell: the left-most cell
0.00 2.581 4 13.3e3 0.0 297.0 Initial: x1, x2, gas, p, u, T
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Appendix A.2  Run specification file for EXP7, viscous simulation
#L1d-2.0    Raj Kumar's shock tube OLD configuration, DJM, 27 May 2002
0                   test_case
2 0 0               nslug, npiston, ndiaphragm
7.0e-3   50000      max_time, max_steps
1.0e-7   0.50       dt_init, CFL
2 2 0.00            Xorder, Torder, thermal-damping
20.0e-6  5.0e-6    dt_plot, dt_his
3                   hnloc
1.863               hcell[0]: HT1
2.167               hcell[1]: HT2
2.530               hcell[2]: PT
tube definition follows:
100  1              n, nseg
-1.267  0.0508 1    xb[0], Diamb[0], linear[0]
 2.581  0.0508 1      [1]
0                   nKL
297.0  0            Tnominal, nT
slug 0: He driver
400 0 1 1.1         nnx, to_end_1, to_end_2, strength
1200 1 0.001 0.012  nxmax, adaptive, dxmin, dxmax
0 0                 viscous, adiabatic
V  0.0              left boundary : velocity (fixed wall)
S  1  L             right boundary: another slug
1                   hn_cell
1                   hx_cell: the left-most cell
-1.267 0.00 3 1.65e6 0.0 297.0 Initial: x1, x2, gas, p, u, T
slug 1: Argon driven gas
300 0 0 0.0         nnx, to_end_1, to_end_2, strength
900 1 0.001 0.012   nxmax, adaptive, dxmin, dxmax
0 0                 viscous, adiabatic
S  0  R             left boundary : another slug
V  0.0              right boundary: velocity (fixed wall)
1                   hn_cell
1                   hx_cell: the left-most cell
0.00 2.581 4 13.3e3 0.0 297.0 Initial: x1, x2, gas, p, u, T
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Appendix A.3  Run specification file for EXP36, inviscid simulation
#L1d-2.0    Raj Kumar's shock tube OLD configuration, DJM, 7 July 2002
0                   test_case
2 0 0               nslug, npiston, ndiaphragm
7.0e-3   50000      max_time, max_steps
1.0e-7   0.50       dt_init, CFL
2 2 0.00            Xorder, Torder, thermal-damping
20.0e-6  5.0e-6    dt_plot, dt_his
3                   hnloc
1.863               hcell[0]: HT1
2.167               hcell[1]: HT2
2.530               hcell[2]: PT
tube definition follows:
100  1              n, nseg
-1.267  0.0508 1    xb[0], Diamb[0], linear[0]
 2.581  0.0508 1      [1]
0                   nKL
303.0  0            Tnominal, nT
slug 0: He driver
400 0 1 1.1         nnx, to_end_1, to_end_2, strength
1200 1 0.001 0.012  nxmax, adaptive, dxmin, dxmax
0 0                 viscous, adiabatic
V  0.0              left boundary : velocity (fixed wall)
S  1  L             right boundary: another slug
1                   hn_cell
1                   hx_cell: the left-most cell
-1.267 0.00 3 1.31e6 0.0 303.0 Initial: x1, x2, gas, p, u, T
slug 1: Argon driven gas
300 0 0 0.0         nnx, to_end_1, to_end_2, strength
900 1 0.001 0.012   nxmax, adaptive, dxmin, dxmax
0 0                 viscous, adiabatic
S  0  R             left boundary : another slug
V  0.0              right boundary: velocity (fixed wall)
1                   hn_cell
1                   hx_cell: the left-most cell
0.00 2.581 4 74.8e3 0.0 303.0 Initial: x1, x2, gas, p, u, T
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Appendix A.4  Run specification file for EXP36, viscous simulation
#L1d-2.0    Raj Kumar's shock tube OLD configuration, DJM, 7 July 2002
0                   test_case
2 0 0               nslug, npiston, ndiaphragm
7.0e-3   50000      max_time, max_steps
1.0e-7   0.50       dt_init, CFL
2 2 0.00            Xorder, Torder, thermal-damping
20.0e-6  5.0e-6    dt_plot, dt_his
3                   hnloc
1.863               hcell[0]: HT1
2.167               hcell[1]: HT2
2.530               hcell[2]: PT
tube definition follows:
100  1              n, nseg
-1.267  0.0508 1    xb[0], Diamb[0], linear[0]
 2.581  0.0508 1      [1]
0                   nKL
303.0  0            Tnominal, nT
slug 0: He driver
400 0 1 1.1         nnx, to_end_1, to_end_2, strength
1200 1 0.001 0.012  nxmax, adaptive, dxmin, dxmax
1 0                 viscous, adiabatic
V  0.0              left boundary : velocity (fixed wall)
S  1  L             right boundary: another slug
1                   hn_cell
1                   hx_cell: the left-most cell
-1.267 0.00 3 1.31e6 0.0 303.0 Initial: x1, x2, gas, p, u, T
slug 1: Argon driven gas
300 0 0 0.0         nnx, to_end_1, to_end_2, strength
900 1 0.001 0.012   nxmax, adaptive, dxmin, dxmax
1 0                 viscous, adiabatic
S  0  R             left boundary : another slug
V  0.0              right boundary: velocity (fixed wall)
1                   hn_cell
1                   hx_cell: the left-most cell
0.00 2.581 4 74.8e3 0.0 303.0 Initial: x1, x2, gas, p, u, T
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Appendix A.5  Run specification file for EXP34, viscous simulation
#L1d-3.0    Raj Kumar's shock tube LONG driver, DJM, 30 Jan 2004, Test 34 of
5/2/2002, 50 ms simulation
0  96  0             case_id, gas_index, fr_chem
2 0 0               nslug, npiston, ndiaphragm
50.0e-3   50000      max_time, max_steps
1.0e-7   0.50       dt_init, CFL
2 2 0.00            Xorder, Torder, thermal-damping
1                   n_dt_plot
0.0  20.0e-6  5.0e-6  t_change, dt_plot, dt_his
3                   hnloc
1.863               hcell[0]: HT1
2.167               hcell[1]: HT2
2.734               hcell[2]: PT
tube definition follows:
100  1              n, nseg
-1.848  0.0508 1    xb[0], Diamb[0], linear[0]
 2.785  0.0508 1      [1]
0                   nKL
298.0  0            Tnominal, nT
slug 0: He driver
400 0 1 1.1         nnx, to_end_1, to_end_2, strength
1200 0 0.001 0.012  nxmax, adaptive, dxmin, dxmax
1 0                 viscous, adiabatic: half heat flux, use wall temps
V  0.0              left boundary : velocity (fixed wall)
S  1  L             right boundary: another slug
1                   hn_cell
1                   hx_cell: the left-most cell
-1.848 0.00 1.48e6 0.0 298.0 Initial: x1, x2, p, u, T
0.0 0.0 1.0 0.0 0.0  f[isp]: Pure He (LUT Ar He N2 Air)
slug 1: Argon driven gas
300 0 0 0.0         nnx, to_end_1, to_end_2, strength
900 0 0.001 0.012   nxmax, adaptive, dxmin, dxmax
1 0                 viscous, adiabatic: half heat flux, use wall temps
S  0  R             left boundary : another slug
V  0.0              right boundary: velocity (fixed wall)
1                   hn_cell
1                   hx_cell: the left-most cell
0.00 2.785 62.7e3 0.0 298.0 Initial: x1, x2, p, u, T
0.0 1.0 0.0 0.0 0.0 f[isp]: Pure Ar
